at high loads. The use of 7.5% EGR was found to be at an adequate rate to simultaneously reduce CO, THC and NO X emissions at low and moderate loads, without major penalties on CO 2 emissions and engine performance.
Introduction
The emissions produced by diesel engines have a serious impact on both the environment and human health. Significant amounts of oxides of nitrogen (NO X ) are generated, which is a serious cause of smog, ground-level ozone, acid rain and also human diseases, such as asthma, coughing, or nausea [1] . Exhaust gas recirculation (EGR), which returns a portion of the engine exhaust gas to the combustion chamber via the intake system, shows a great potential to reduce NO X emissions [2, 3] . The application of this technique to spark ignition and compression ignition engines has been studied with regard to its effects on engine performance, inlet air temperature control, combustion control and dual-fuel operation [4] [5] [6] [7] [8] [9] [10] [11] [12] . The possibility of reducing NO x emissions with the use of EGR rate results from thermal, chemical and dilution effects [8, 9, [13] [14] [15] [16] . In the thermal effect, the high specific heat of exhaust carbon dioxide (CO 2 ) and water (H 2 O), compared to oxygen (O 2 ) and nitrogen (N 2 ) in the intake air, reduces combustion temperature. In the dilution effect, the reduction of oxygen mass fraction due to the displacement of some of the oxygen in the fresh intake air charge by inert gases causes a reduction in the local flame temperature because of the spatial broadening of the flame. In the chemical effect, recirculated H 2 O and CO 2 are dissociated during combustion by Abstract This paper analyses the impacts of the application of an exhaust gas recirculation (EGR) system on the performance and emissions of a stationary, direct-injection diesel engine operating with diesel oil containing 7% biodiesel (B7). Experiments were carried out in a 49-kW diesel power generator with the adapted EGR system, and engine performance and emissions were evaluated for different load and EGR settings. The results were compared with the engine operating with its original configuration without the EGR system, and revealed a reduction of peak cylinder pressure and fuel conversion efficiency, mainly at high engine loads. The use of EGR caused opposite effects on carbon dioxide (CO 2 ), carbon monoxide (CO) and total hydrocarbons (THC) emissions, depending on load and EGR rate, showing an increase in most situations. The application of EGR consistently reduced oxides of nitrogen (NO X ) emissions, reaching a maximum reduction close to 30%. In general, the use of EGR increased CO 2 , CO and THC emissions an endothermic process, reducing flame temperature and modifying the NO X formation process.
Ladommatos et al. [17] [18] [19] [20] presented a series of works focused on understanding the influence of EGR on combustion and emissions in a four-cylinder diesel engine. To simulate the different effects of EGR, the authors added synthetic gases in the engine intake manifold. Air dilution reduced in-cylinder peak pressure, heat release rate and temperature. Reduced availability of O 2 decreased ignition delay, NO X and NO, but increased unburned hydrocarbons (THC), soot, and particulate matter (PM) emissions. The studies highlight that NO X reduction is mostly due to the dilution effect, with a small contribution of the chemical effect, and a negligible contribution of the thermal effect.
Zheng et al. [21] also added synthetic gases to the engine intake air to reproduce the essential characteristics of EGR without the influence of temperature, pressure, gas concentration and transient effects of a real system. The results showed that increasing CO 2 concentration reduces incylinder pressure and temperature during the compression stroke. The authors emphasize that EGR systems reduce NO X emissions, but may increase exhaust PM emissions, sulfur salts and other abrasive and corrosive substances that cause piston and cylinder wear.
The use of EGR is limited by increased PM emissions and reduced engine thermal efficiency, which causes a NO X /PM trade-off [9, [14] [15] [16] [22] [23] [24] . He et al. [8] explain that the use of high EGR rates is possible with the delay of diesel injection, reducing engine efficiency losses, but with increasing soot emissions. The optimized EGR rate for THC, CO and NO X emissions is between 5 and 15%. Hussain et al. [24] also observed that 15% EGR rate is effective in reducing NO X emission substantially without deteriorating engine performance in terms of fuel conversion efficiency, brake specific fuel consumption, and emissions. The low oxygen level at high EGR rates causes incomplete soot oxidation [25] and leads to long-term problems, such as carbon deposits and lubricating oil degradation [26] . To overcome this conflict, low-temperature combustion techniques (LTC) may be employed [27] . These techniques aim to separate the event of diesel injection from combustion, to reduce NO X and soot emissions simultaneously. For the same EGR rate, the use of an oxygenated fuel, such as biodiesel, can simultaneously reduce THC, CO and smoke emissions, compared to diesel oil [1] .
The use of EGR in transient state is a challenge due to fluctuations in the recirculation system, which can cause peaks of NO X and soot emissions [28] . Schubiger et al. [29] showed that the use of EGR in a diesel engine increased the premixed phase of combustion. Peak heat release rate was reduced at high loads and increased at low loads. Ignition delay and combustion duration were also increased. A EGR rate of 40% achieved extremely low levels of NO X emissions, but with increased emissions of PM, specific fuel consumption and engine noise levels.
Hussain et al. [24] and Agarwal et al. [30] noticed that diesel engines tolerate high EGR rates at low loads, since there is high oxygen concentration in these conditions, compared to high loads. With increasing load, inert gases are predominant in the exhaust, causing increased soot emissions due to reduced availability of oxygen. With EGR rates up to 20% a slight increase of fuel conversion efficiency at low loads was observed, explained by re-burning of hydrocarbons that enter the combustion chamber with the recirculated exhaust gas [30] . The authors reported reduced exhaust gas temperature, increased intake charge temperature and reduced fuel conversion efficiency with increasing EGR rate. EGR increased exhaust CO and THC emissions, and gas opacity, due to the dilution effect, and reduced NO X emissions, due to reduced flame temperature. A direct-injection diesel engine operating at constant speed with up to 30% of EGR rate achieved a reduction of up to 30% of NO X emissions, decreased exhaust gas temperature and increased ignition delay, opacity and CO emissions [31] .
Selim et al. [32] and Niemi et al. [33] investigated the effects of using EGR cooling systems. The use of hot EGR increases in-cylinder pressure, which can decrease thermal efficiency losses due to a faster combustion, but cold EGR achieves lower NO X levels [32] . In comparison with hot EGR, the specific fuel consumption with cold EGR is higher for EGR rates up to 10%, and lower with higher EGR rates [33] . Maiboom et al. [13] showed that, at constant EGR rate, the temperature of the recirculated exhaust gas causes different effects on engine performance. These effects depend on operating conditions, with positive and negative aspects using hot or cold EGR.
Wei et al. [34] stated that an engine with hot EGR can use the high exhaust gas temperature to heat the intake charge, thus improving combustion and fuel conversion efficiency, while the cooled EGR increases intake density and, thereby, engine volumetric efficiency. Whilst the decreased temperature of cold EGR can further reduce NO X emissions, THC emissions and cycle-by-cycle variations are increased compared with those of hot EGR. The difficulties of using EGR cooling systems are the deposits of THC, PM and soot inside the system, which produce fouling and cause degradation in the heat transfer performance [35, 36] .
This work analyses the combustion characteristics, performance and emissions of a 49-kW stationary diesel engine operating with diesel fuel containing 7% biodiesel (B7), for different EGR rates and loads applied. The objective is to verify if the adaptation of an EGR system to an engine not originally conceived with this technology can satisfactorily reduce NO X without deteriorating engine performance or increasing other emissions (CO 2 , CO and THC). Furthermore, it aims to give an insight if the use of a fuel blend containing an oxygenated biofuel can counterbalance the reduced oxygen availability in the gas when using EGR. The choice of B7 is justified by the Brazilian government law No. 13033/2014, which established the compulsory addition of biodiesel to diesel oil to 7% from 1 November 2014 [37] . With the use of the biofuel blend, it is expected that CO and THC can be adequately oxidized, thus avoiding significant increase of emissions of these components. Currently, there are no national regulations of gas emissions for diesel power generators in Brazil. To reduce the emissions in the city of São Paulo, the municipal government ruled that changes must be made to reduce the emissions of these equipments [38] . The use of EGR systems is an alternative to reduce NO X emissions from diesel power generators with simple mechanical modifications.
Methodology

Experimental setup
Experiments were carried out in a diesel power generator equipped with a naturally aspirated, four-stroke, four-cylinder diesel engine. Table 1 shows the main engine characteristics. The fuel was directly injected in the combustion chamber by a mechanically controlled system, and the fuel injection settings were not changed during the experiments.
For recirculation of the exhaust gas, an appropriate pipeline was installed with no insulation, therefore allowing the recirculated gas to partially cool down by natural convection external to the pipe. The EGR quantity was regulated by an electric valve installed in the EGR loop. An electronic system was developed to control the valve position and the EGR rate (%). The EGR rate is defined as the mass percent of the recirculated exhaust gas (M EGR ) in the total intake mixture (M in ). Several authors report in their works [13, 14, 21, 24] that the EGR percentage can also be calculated as the recirculated CO 2 fraction. The fresh intake air contains negligible amounts of CO 2 , while the recycled portion carries a substantial amount of CO 2 produced from combustion that increases with EGR flow rate and engine load. Thus, comparing the CO 2 concentrations in the engine exhaust (CO 2_exh ) and intake (CO 2_EGR ) is a practical way to determine EGR rate. Two taps were built in the intake and exhaust manifolds to sample the gas and measure CO 2 concentration, for calculation of the EGR rates according to:
A data acquisition system was used to assess engine performance. The system consists of sensors, transducers, signal conditioning circuits, two data acquisition boards and a program developed in LabVIEW platform. A schematic drawing of the experimental apparatus is shown by Fig. 1 . The intake air mass flow rate was measured by an orifice plate with uncertainty of ±2.3 kg/h. Fuel consumption was measured by a platform balance with uncertainty of ±0.1 kg/h. K-type thermocouples were used to measure temperature in several locations, including fuel tank, ambient air, inlet air, orifice plate inlet, and exhaust gas, with uncertainty of ±2 °C. Cooling water temperature was measured by a PT-100 sensor, also with uncertainty of ±2 °C. The inlet air humidity was determined by a thermohygrometer with uncertainty of ±2.5% of reading, and ambient pressure was monitored by a Torricelli barometer with resolution of ±1.3 kPa.
The engine load was measured by an electric transducer with uncertainty of ±1%. The in-cylinder pressure was measured by a piezoelectric pressure transducer with resolution of ±0.5%. Total HC emissions were analysed by a heated flame ionization detector (HFID) with resolution of ±1 ppm. NO X emissions were analysed by a heated chemiluminescent analyser (HCLD) with resolution of ±1 ppm. CO and CO 2 emissions were measured by non-dispersive infrared (NDIR) analysers with resolution of ±1 ppm and ±0.01%, respectively.
Experimental procedure
The fuel used was a commercial N. 2 diesel oil containing 7% of biodiesel, whose values of density, viscosity and water content are shown in Table 2 . The engine load was varied from 0 to 30 kW in intervals of 5 kW at the constant engine speed of 1800 rev/min. This speed was chosen because it provides an output power frequency of 60 Hz, which is the standard value of Brazilian electric power grid. The ISO 3046-1:2002 standard was used to correct the load power and fuel consumption to standard conditions. The engine was operated with and without EGR, and the results compared. The EGR rates used were 0% (EGR0), 2.5% (EGR2.5), 5.0% (EGR5), 7.5% (EGR7.5) and 10.0% (EGR10). The experiments were performed under steady-state conditions, after the exhaust gas temperature and the cooling water temperature were stabilized. In each test, a fixed load was applied during 10 min, which included the stabilization period followed by data measurement and acquisition at steady state. Depending on the load applied, the stabilization period was 2-5 min; therefore, the period of data acquisition in a single test at fixed load corresponded to a minimum of 4500 engine cycles. The results shown in the following section represent the average of three tests at each load, varying the engine load from 0 to 30 kW. The uncertainties of the measurements were calculated following the methodology by Kline and McClintock [39] .
Results and discussion
The engine was operated at 1800 rpm with different loads and EGR rates (from 0 to 10%) to investigate the effect of EGR on engine performance and emissions. The performance and emission data were analysed and presented graphically for gas pressure inside the cylinder, heat release rate, air mass flow rate, thermal efficiency, CO 2 , CO, THC and NO X -specific emissions. The uncertainties of the measurements are presented in Table 3 . The in-cylinder pressure and the corresponding heat release rate at the load of 25 kW are shown in Figs. 2 and 3 , respectively. The peak pressures are slightly decreased for all the EGR rates, by about 2%, in comparison with operation with no EGR (Fig. 2) , in accordance with Refs. [4, 6, 21, 22, 25] . The use of EGR increases the intake charge specific heat capacity and reduces O 2 availability, which has a negative effect on the combustion rate and leads to reduced values of peak cylinder. Moreover, the dissociation of H 2 O and CO 2 reduces the flame temperature, due to an endothermic process, leading to a reduction in NO X formation. As a consequence of decreased combustion temperature, the peak heat release rate is also reduced with the use of EGR (Fig. 3) . The higher reductions of the peak heat release rate were observed for operation with 7.5 and 10% EGR. The biodiesel effects have not been investigated here, but, according to the literature, its presence in the diesel fuel may have caused a slight reduction in the in-cylinder peak pressure and peak heat release, especially at full load, mainly due to poor atomization and inadequate air-fuel mixing of biodiesel blends [40, 41] . Figure 4 shows the intake air mass flow rate for operation with different EGR rates. Since part of the intake air is replaced by the exhaust gas, increasing EGR rate reduces the intake air mass flow rate. Compared with no use of EGR (EGR0), the average reductions found were of 3% for EGR2.5, 4% for EGR5, 7% for EGR7.5, and 9% for EGR10. The engine volumetric efficiency is also affected at the same proportions, as less air amount is admitted into the engine cylinders with increasing EGR rates. At a given EGR, the small variations of the intake air mass flow rate with engine load power are within the uncertainty of the measurements, as indicated by the error bars.
These variations are due to changes of the intake air temperature. With increasing load power the heat release rate is increased [42] , and thus the ambient and intake air temperatures are also increased, reducing the intake air mass flow rate. To keep the intake air mass flow rate approximately constant, an order of decreasing load application was adopted during the tests. Similar to the intake air mass flow, the intake air volumetric flow slightly changed at a given EGR rate due to small variations in the intake air temperature and pressure with load variation. As in the case of the intake air mass flow, the changes in the volumetric flow at a fixed EGR were within the uncertainty of the measurements. Figure 5 presents the variation in fuel conversion efficiency, normalized to the standard atmospheric conditions, for different loads and EGR rates. The use of EGR causes a negative effect on fuel conversion efficiency, being in agreement with the behaviour reported by Refs. [10, 24, [30] [31] [32] . The decrease of fuel conversion efficiency is mainly due to the reduction of air/fuel ratio (Fig. 6) [4] .
Fuel conversion efficiency is not significantly affected by EGR only in the extremes of the load range investigated, at 5 and 30 kW, where the values are close to EGR0. For all intermediate loads fuel conversion efficiency decreases with the use of EGR. The maximum decrease was 5.7%, for operation with 10% EGR and 25 kW load. Thus, in general, it is not attractive to use high EGR rates at high loads because combustion tends to deteriorate, leading to reduced fuel conversion efficiency.
The effects of EGR on CO 2 , CO and THC emissions are shown in Figs. 7, 8 and 9 . In general, it is noticed that CO 2 , CO and THC emissions increase with the use of EGR. The trend presented by CO 2 (Fig. 7) is explained by the fact that the fresh intake air contains negligible amounts of CO 2 , while the EGR fraction carries a substantial amount of CO 2 , which is higher with increasing EGR flow rate and engine load [15, 21] . The highest increases of CO 2 emissions were 11.6 and 11.2%, for 7.5% EGR and 10% EGR, respectively, at the load of 30 kW. At 10 kW and lower engine loads, the EGR rate did not significantly affect CO 2 emissions.
Carbon monoxide emissions result from incomplete combustion and are largely dependent on air-fuel ratio [6] . The increase of EGR rate reduces oxygen availability in the combustion chamber and decelerates the reaction rates of the air-fuel mixture, thus producing lower temperatures [3, 30] . In such a case, the flame propagation may not be sustained with relatively lean mixtures. Thus, the heterogeneous mixture does not burn completely, resulting in higher CO and THC emissions as observed in most situations (Figs. 8, 9 ), being in agreement with Refs. [10, 24, 30, 34] . The largest CO increment was observed for 10% EGR and 30 kW engine load, of 41.7% (Fig. 8) .
With regard to THC-specific emissions, the largest increases in comparison with EGR0 were found for minimum EGR (EGR2.5) at any load, or maximum load (30 kW) at any EGR rate. The maximum increase recorded was 27.4%, for 2.5% EGR and 30 kW. Decreased THC emissions were observed with the use of 5% EGR and 10 kW load or lower, and 7.5% EGR with 25 kW load or lower. At high load, the increase of THC is explained by the higher fuel amount injected to meet the demand, also originating higher amounts of unburned fuel. With 2.5% EGR, the intake air charge and fuel injection amount were not substantially modified in comparison with EGR0 (Figs. 4,  5 ), but the small presence of the exhaust gas recirculated was enough to intensify incomplete combustion and generate unburned hydrocarbons. With higher EGR rates, there was a substantial reduction of the intake air to the cylinder (Fig. 4) and, therefore, oxygen availability in the gas. However, with high EGR rates, mixture enrichment (Fig. 5 ) using a fuel blend with an oxygenated fuel counterbalanced the awkward effects of low oxygen availability in the gas, not allowing hydrocarbon formation to increase. Figure 10 shows that NO X -specific emissions are reduced with increasing EGR rate for all engine load range investigated. This behaviour is justified by the reduction of oxygen availability due to the displacement of some of the oxygen in the fresh intake air charge by the recirculated exhaust gas [30, [43] [44] [45] [46] [47] [48] . This causes a reduction in the local flame temperature because of the spatial broadening of the flame due to the reduction in the oxygen molar fraction [24] . Also, there is the thermal effect due to the increase in the average specific heat capacity of the gases in the combustion zone, since the recirculated exhaust gas contains CO 2 and H 2 O with higher specific heat than that of air. Finally, there is a reduction in the combustion temperature due to endothermic chemical reactions, such as CO 2 and H 2 O dissociation [4, 13] . Using 10% EGR, the reductions on NO X emissions ranged from 20.8 to 29.6% for the different loads. Using 2.5% EGR, the decrease on NO X remissions ranged from 2.2 to 12.5%. 
Conclusions
The use of EGR was shown to be feasible for reduction of NO X emissions from a diesel power generator with the adapted technology operating with B7. A reduction of nearly 30% of NO X emissions was reached using 10% EGR rate. With 2.5% EGR, the maximum reduction of NO X emissions was 12.5%. With increasing EGR rate, the in-cylinder peak pressure and the peak heat release rate decreased. In most situations, the use of EGR increased CO 2 , CO and THC emissions, especially at high loads. However, under certain load conditions and EGR rates, decreased levels of those components were observed with the use of EGR. Based on these results, for simultaneous decrease of NO X , CO and THC emissions, with only small increases on CO 2 emissions, if any, it is recommended the use of 7.5% EGR at low and moderate loads.
